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Abstract.

Diagnosis of gastrointestinal parasites has traditionally relied on stool microscopy, which has low diagnos-

tic sensitivity and specificity. We have developed a novel, rapid, high-throughput quantitative multi-parallel real-time
polymerase chain reaction (QPCR) platform. Species-specific primers/probes were used for eight common gastrointestinal
parasite pathogens: Ascaris lumbricoides, Necator americanus, Ancylostoma duodenale, Giardia lamblia, Cryptosporidium
spp., Entamoeba histolytica, Trichuris trichiura, and Strongyloides stercoralis. Stool samples from 400 13-month-old children
in rural Ecuador were analyzed and the PCR was compared with a standard direct wet mount slide for stool microscopy,
as were 125 8-14-year-old children before and after anthelmintic treatment. The qPCR showed higher detection rates for
all parasites compared with direct microscopy, Ascaris (7.0% versus 5.5%) and for Giardia (31.5% versus 5.8%). Using an
enhanced DNA extraction method, we were able to detect 7. trichiura DNA. These assays will be useful to refine treatment
options for affected populations, ultimately leading to better health outcomes.

INTRODUCTION

The prevalence of gastrointestinal parasites within affected
populations has been underreported largely because standard
stool examinations are relatively insensitive. With the develop-
ment of newer multiplex polymerase chain reaction (PCR)-
based assays in stool for pathogenic parasite (hookworm,
Strongyloides stercoralis, Ascaris lumbricoides, Entamoeba
histolytica, Cryptosporidium parvum, and Giardia lamblia)
identification, it is likely that gastrointestinal parasite identifi-
cation in the stool will become more sensitive and objective.'™

Classically, the diagnosis of intestinal parasites depends on
the life cycle of the parasite and its egg/larvae shedding pat-
terns. Although microscopy and quantitative real-time PCR
(qPCR) are dependent on the presence of parasite material in
the sample,* qPCR is less subjective and for several parasites
(e.g., E. histolytica) more specific.” The ability of microscopy
to detect parasites is directly related to the number of organ-
isms in stool. Although the same is true for qPCR, its benefits
are in its improved sensitivity and specificity. With proper
stool disruption and DNA extraction, qPCR can detect small
amounts of parasite-specific DNA.> This difference is impor-
tant when calculating prevalence in a population and for elim-
ination programs, especially where the reservoir of parasite
infection has become difficult to identify. The qPCR would
have an advantage in detecting low levels of infection,
improving the detection of infected persons, and assessing
treatment effects.

For some (but not all) gastrointestinal parasites, antibody
and antigen assays are available and have varying perfor-
mance characteristics.”’” Moreover, the known limitations of
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these assays, their availability for only a limited number of
parasites, and their cost often make them unavailable for
those in resource-limited settings.®

The qPCR has been useful in the diagnosis of pathogenic
microbes causing tissue infections, including amebic liver
abscess, and has also been shown to have a high degree of
sensitivity and specificity in the detection of enteric patho-
gens.>>? As with other real-time PCR systems, to broaden
the spectrum of enteric pathogen detection, a simple to exe-
cute, multi-parallel qPCR approach was developed that
enables detection of an unlimited number of a parasite species
provided that sequence information is available.

In the present study, we have used assays to identify and
quantify Ascaris lumbricoides, Cryptosporidium spp. (C.parvum/
C. hominis), Ancylostoma duodenale, Necator americanus,
Strongyloides stercoralis, Giardia lamblia, Entamoeba histolytica,
and Trichuris trichiura DNA in stool in a rapid, high-throughput
fashion by using a method that we term multi-parallel gPCR. We
have validated this approach for parasite identification in stool
from patients in North America, India, and Mali, and then used
these assays in a relatively resource-limited area of rural Ecuador.

MATERIALS AND METHODS

Sample collection. Fecal samples were collected from 400
asymptomatic children 13 months of age living in the District
of Quinindé, Esmeraldas Province, Ecuador, as part of a
larger ongoing birth cohort study in which direct microscopy
and the Kato-Katz method were performed at the time of
stool collection.'® Stool was then frozen without fixatives at
—80°C until used for DNA extraction.

A second group of 125 asymptomatic children 8-14 years
of age also had fecal samples collected as part of a separate
study of anthelmintic treatment with three days of albendazole,
800 mg/day, and a single dose (200 pg/kg) of ivermectin.'! Stool
samples were collected at pre-treatment and at 21 days post-
treatment. An aliquot of the stool sample was fixed in ethanol
and stored at —80°C until DNA was extracted.
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Informed written consent was obtained from a parent or
guardian of each child, and minor assent was obtained from
older children in the second study. The results of stool micros-
copy were given to the parent/guardian and anti-parasite
treatment was provided where appropriate. The study protocols
were approved by the Bioethics Committee of the Universidad
San Francisco de Quito, Quito, Ecuador.

Microscopy. Stool samples were examined by using single
wet mount smears in saline and by duplicate Kato-Katz slides
containing each approximately 50 mg of stool. All slides were
processed and examined within 24 hours of preparation. All
slides were examined by two experienced parasitologists. In
the case of the Kato-Katz method, slides were examined after
15 minutes for hookworm ova, then again after one hour for
other helminth ova. Results were used to estimate geometric
mean eggs count per gram of stool. A slide from each stool
was prepared by using modified acid-fast staining for detec-
tion of Cryptosporidium spp. using standard methods.

The qPCR was compared with direct (wet mount) micros-
copy to evaluate the efficacy of direct microscopy in detecting
any parasite. Direct microscopy is the standard of diagnosis
in resource-limited areas. The Kato-Katz method was used
for estimating infection intensities with A. lumbricoides and
T. trichiura. Although this method is more sensitive than direct
microscopy, it is more time-consuming and labor-intensive
in detecting geohelminth eggs.

DNA extraction. DNA was extracted from 50 mg stool by
using the MP FastDNA for Soil Kit (MP Biochenicals, Solon,
OH) according to manufacturer’s instructions for all parasites
except T. trichiura."* Extractions were processed in batches of
24 samples, which was the capacity of the homogenizer instru-
ment used (FastPrep-24; MP Biochemicals). An additional step
was needed for extraction of 7. trichiura DNA; the insoluble
pellet from the FastDNA Soil Kit was resuspended in 200 uL

of water, heated at 90°C for 10 minutes, and centrifuged at
14,000 x g for 10 minutes. The soluble fraction was then
processed further by using the MP FastDNA procedure, as
described by the manufacturer, in a final volume of 50 pL.

Multi-parallel gPCR. Species-specific primers and FAM-
labeled minor groove binder probes were selected (Applied
Biosystems, Foster City, CA) for each of the eight parasites
(Table 1). Primer/probes were designed by using Primer
Express Software version 3.0.1 (Applied Biosystems). To the best
of our knowledge, all primers and probes were novel except for
A. lumbricoides (forward primer), A. duodenale, N. americanus,
and S. stercoralis.>* Each set of primers and probes was synthe-
sized by Applied Biosystems.

All gPCRs were conducted in 96-well MicroAmp optical
plates (Applied Biosystems). All reactions were performed in
a total volume of 7 pL containing 3.5 pL of Tagman™ fast mix
(Applied Biosystems), 2 uL of template DNA, and 1.5 uL of
species-specific primers (final concentration = 900 pM) and
FAM:-labeled minor grove binder probes (final concentra-
tion = 100 uM). Samples were run on an ABI 7900HT Fast
Real-Time PCR System (Applied Biosystems) in North
America or on an ABI 7500 apparatus in Ecuador by using
default parameters and 40 cycles. The qPCR results were
considered negative if cycle threshold (C,) values were > 38.
This threshold was determined by measuring the detectable
limits of each assay in which serial dilutions of appropriate
parasite plasmid were included. The C; value was set at
38, and this value was the limit of our standard curves (addi-
tional plasmid dilutions were undetectable). All unknown
samples were tested in duplicate.

For quantification, plasmids containing the target sequences
were synthesized (Genscript, Piscataway, NJ). TOP10 compe-
tent E. coli cells (Life Technologies, Grand Island, NY) were
transformed with the individual plasmids and the plasmids

TABLE 1
Sequence information for eight parasites tested by using a high-throughput quantitative multi-parallel real-time polymerase chain reaction*

Forward primer sequence, 5'—3'

Reverse primer sequence, 5'—3'

Parasite Probe sequence (FAM), 5'—3'

Target region GenBank accession no.

Ascaris lumbricoides®

TGCACATAAGTACTATTTGCGCGTAT ITS-1

AB571301.1

CCGCCGACTGCTATTACATCA

GAGCCACATAGTAAATT
AACTTCACGTGTGTTTGCCAAT

Cryptosporidium parvum/hominis

DNA J-like protein XM_625506.1

CCAATCACAGAATCATCAGAATCG
CATATGAAGTTATAGGGATACCAG

Ancylostoma duodenale®

GAATGACAGCAAACTCGTTGTTG ITS-2

EU344797.1

ATACTAGCCACTGCCGAAACGT

ATCGTTTACCGACTTTAG
CTGTTTGTCGAACGGTACTTGC ITS-2

: 3
Necator americanus

AJ001599.1

ATAACAGCGTGCACATGTTGC
CTGTACTACGCATTGTATAC

Strongyloides stercoralis®

GAATTCCAAGTAAACGTAAGTCATTAGC

18S rRNA AF279916.2

TGCCTCTGGATATTGCTCAGTTC

Giardia lamblia

Entamoeba histolytica

Trichuris trichiura

ACACACCGGCCGTCGCTGC
CATGCATGCCCGCTCA
AGCGGTGTCCGGCTAGC
AGGACAACGGTTGCAC
GTTTGTATTAGTACAAAATGGCCAATTC
TCGTGGCATCCTAACTCACTTAGA
CAATGAATTGAGAAATGACA
TCCGAACGGCGGATCA
CTCGAGTGTCACGTCGTCCTT
TTGGCTCGTAGGTCGTT

16S rRNA

18S rRNA

ITS-1

AJ293299.1

X75434.1

FM991956.1

*ITS = internal transcribed spacer; rRNA = ribosomal RNA.
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were purified by using the QIAprep Spin Miniprep Kit
(QIAGEN, Valencia, CA). The purified plasmid DNA was
quantified by using a ND-1000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE). Plasmids were then diluted to
a fixed concentration, and serial 10-fold dilutions were made
for use in a standard curve format to which unknown samples
were compared. The standards served as positive controls to
ensure amplification and wells with no template were used as
the negative controls. All controls were tested in triplicate.

These assays were validated by using genomic DNA spiked
into known negative stool and/or stools from patients known
to be parasite positive by standard stool examination (per-
formed by Clinical Center Microbiology Laboratory, National
Institutes of Health, Bethesda, MD) by using standard tech-
niques (e.g., direct microscopy, modified acid-fast staining for
Cryptosporidium, and agar plate migration for S. stercoralis).®
Validation using similar techniques had been performed for all
parasites except T. trichiura.>> In addition, stools cryopre-
served in the United States, Mali, or India (as part of other
studies) that had multiple negative results for stool examina-
tions for helminth eggs and larvae were tested by using qPCR.
All samples showed negative results.

Plates were prepared before DNA extraction with all reac-
tion mixtures (standards and controls) minus 2 pL to enable
patient samples to be added. Plates were prepared in Ecuador
and stored at —40°C with airtight aluminum foil covers. Each
plate held eight standards, controls and space for 36 unknown
samples to be processed in duplicate. After DNA extraction,
samples could be loaded and processed by using fast chemis-
try parameters (30 minutes), which provided a rapid and effi-
cient system from extraction to results.

Statistical analysis. All statistical analysis was performed by
using Prism version 5.0d (GraphPad, La Jolla, CA). Compari-
sons of microscopy with qPCR were analyzed by using Fisher’s
exact test, and P values < 0.05 was considered significant. Corre-
lations were estimated by calculation of Spearman’s rank corre-
lation coefficients. The non-parametric Wilcoxon-signed rank
test was used for paired analyses. Specificity was calculated by
using a binary classification test comparing a single qPCR result
with the geometric mean of two Kato-Katz results.

RESULTS

Validation and specificity of qPCR for eight parasites. Each
primer/probe combination had 100% specificity for its respec-
tive parasite. Using genomic DNA for A. lumbricoides, A.
duodenale, N. americanus, S. stercoralis, G. lamblia, and E.

histolytica, we showed that our assays specifically amplified
the appropriate target genomic DNA but there was no amplifi-
cation of DNA from the other parasites. For example, qPCR
using the primers and probes for A. lumbricoides detected
A. lumbricoides DNA but failed to amplify DNA from
A. duodenale, N. americanus, S. stercoralis, G. lamblia, and
E. histolytica. In a limited laboratory setting, all eight para-
site DNA plasmids (used to generate standard curves for
each assay) were analyzed by using every prime/probe com-
bination individually and as combined mixtures and no
cross-reactivity seen. Furthermore, using cryopreserved stool
samples from > 300 persons with negative stool examinations
results performed as part of other studies in the United States,
Mali and India, we found that there were no false positive
results in any of the assays.

In addition, 10 patients with positive stool examination
results at the Clinical Center Microbiology Laboratory of the
National Institutes of Health were tested by qPCR concurrently,
showed 100% congruency (A. lumbricoides, C. parvum/C.
hominis, A. duodenale, S. stercoralis, G. lamblia, E. histolytica,
and T. trichiura). One patient had an Entamoeba sp. detected in
stool, but was negative for E. histolytica by the qPCR described
in this report. Subsequent testing for E. histolytica stool antigen
using an enzyme immunoassay (Focus Diagnostics, Cypress,
CA) suggested that this parasite was the non-pathogenic species
E. dispar. The limit of our gPCR was 0.001 fg/uL of extracted
DNA for each of the eight parasite DNAs.

Comparison of qPCR with microscopy. For all gPCRs, neg-
ative controls showed no amplification. For each parasite
sample in which there was specific amplification, the C, values
were compared with a standard curve for which absolute
DNA concentrations were known and concentrations of
DNA were derived by interpolation from a given standard.
As shown in Table 2, based on data from the 400 children
13 months of age, qPCR was more sensitive than direct micros-
copy for A. lumbricoides, A. duodenale (the only hookworm
species detected in this study), S. stercoralis, G. lamblia (P =
0.0001), and T. trichiura (P = 0.0335). For A. lumbricoides,
PCR identified 28 (7.0%) of 400 positive samples whereas
direct smears identified 22 (5.5%) of 400 positive samples. The
gPCR identified an additional six A. lumbricoides-positive
samples with a specificity of 97.8% and a negative predictive
value of 96.7%. For T. trichiura (3% versus 0.75%) nine addi-
tional positive samples were detected (12 of 400 versus 3 of 400;
P =0.0335), which indicated a specificity of 99.2% and a nega-
tive predictive value of 99.2%.

TABLE 2
Comparison of gastrointestinal parasite detection in 400 13-month-old children, Ecuador*

No. positive No. positive DNA concentrations DNA concentrations
by multi-parallel by direct (fg/uL) in stool positive (fg/uL) in stool negative
Parasite qPCR (%) microscopy (%) by microscopy, median (range) by microscopy, median (range)

Ascaris lumbricoides 28/400 (7.0) 22/400 (5.5) 7.14 (0.043-252.5) 0.031 (0.0016—4.7)
Cryptosporidium parvum/hominist 21/400 (5.3) 0/400 0% 0.17 (0.049-15.6)
Ancylostoma duodenale 2/400 (0.5) 0/400 0% 37.5 (23.9-51.2)
Necator americanus 0/400 0/400 0% (04
Strongyloides stercoralis 3/400 (0.75) 0/400 0% 0.089 (0.0144-0.163)
Giardia lambliat 126/400 (31.5) 23/400 (5.8) 24.3 (0.9-359) 5.0 (0.0457-47.9)
Entamoeba histolytica$§ 4/400 (1.0) 6/400 (1.5) 0% 0.46 (0.036-0.966)
Trichuris trichiurat 12/400 (3.0) 3/400 (0.75) 0.014 (0.0035-0.032) 0.013 (0.0025-0.175)

#@PCR = high-throughput quantitative multi-parallel real-time polymerase chain reaction.
fIndicates statistically significant differences (P < 0.05).
$No parasites seen by microscopy or DNA detected by qPCR.

§Microscopy is unable to differentiate between E. histolytica and non-pathogenic E. dispar. The reported result is an overestimation, and the qPCR is 100% specific for E. histolytica.
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Although specificity in the validation test was 100%, we also
report field data specificity and negative predictive values
for A. lumbricoides and T. trichiura. The difference between
gPCR and microscopy was seen even more dramatically for
G. lamblia (31.5% versus 5.8%) with 103 additional positive
samples for G. lamblia (126 of 400 versus 23 of 400; P =0.001).
For C. parvum/C. hominis, specific DNA was detected in 5.3%
of the children, and none of the samples was positive by modi-
fied acid-fast staining (P = 0.0001). For the hookworm species,
two children had A. duodenale DNA (no N. americanus DNA
was detected) although no hookworm was seen by microscopy.
Three children had S. stercoralis DNA in their stool, but
no S. stercoralis parasites were found by microscopy. For
Entamoeba, our assay is specific for E. histolytica, and we
detected E. histolytica DNA in 4 of 400 children. Six children
had E. histolytical/dispar cysts by microscopy, but none were
positive by gPCR.

To assess whether molecular diagnostic technique could be
considered quantitative, egg counts determined by the Kato-
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Figure 1. Correlation of parasite DNA concentration (fg/ul)
with egg count by Kato-Katz method for Ascaris lumbricoides (top)
(r = 0.713, P < 0.0001) and Trichuris trichiura (bottom) (r = 0.743,
P < 0.0001) for 400 13-month-old-children, Ecuador. Only samples
positive by high-throughput quantitative multi-parallel real-time
polymerase chain reaction are shown.

Katz method were compared with the DNA quantitation used
for the qPCR for A. lumbricoides and T. trichiura (Figure 1).
There was a statistically significant correlation between egg
counts measured by the Kato-Katz method and the DNA
quantified by qPCR for A. lumbricoides (r = 0.713, P < 0.05)
and T. trichiura (r = 0.743, P < 0.05) (Figure 1).

The comparison between DNA concentrations measured
by qPCR in positive and microscopy-negative samples resulted
in lower DNA concentrations for the negative group for all
parasites (except A. duodenale), but this difference was not
statistically significant (Table 2).

Detecting polyparasitism by qPCR. Not only was qPCR
able to detect single parasite species more readily (an overall
18.5% increase in detection; P < 0.05), but it also was much
more likely to detect two or more concurrent infections in a
given sample than was microscopy (P < 0.05) (Figure 2A).
The qPCR was able to distinguish between patients without
parasites and those with polyparasitism more accurately and
with greater detection rates than direct smear microscopy
(61.0% to 87.3%). The use of direct smears led to under-
reporting of the presence of any parasite (Figure 2A). When
looking at specific co-infections, qPCR was able to detect
G. lamblialA. lumbricoides co-infections more often than direct
microscopy (P < 0.05). It also detected A. lumbricoides/
T. trichiura and G. lamblial/T. trichiura co-infections more
frequently than by direct microscopy. The qPCR was also able
to identify the one quadruple infection seen among the 400
patients, whereas direct microscopy failed to do so (Figure 2B).

Post-treatment results after empiric therapy. In a separate
cohort of 125 asymptomatic children 8-14 years of age whose
stool samples were collected before and after empiric treat-
ment with albendazole and ivermectin, we were able to assess
the utility of qPCR in following parasite burden after treat-
ment (Figure 3). Comparison of microscopy and qPCR yielded
similar data as obtained for the other study sample. Twenty-
one days after therapy, all persons with positive qPCR results
for A. lumbricoides before treatment were completely below
the threshold of detection at 21 days, a change that was highly
significant (P < 0.0001), and two children initially negative
were positive on day 21. For G. lamblia, 35.1% of the patients
remained positive after albendazole/ivermectin therapy,
although for some, there was a non-significant decrease in
measured DNA levels.

DISCUSSION

A novel high throughput quantitative assay for the identifi-
cation of gastrointestinal parasites has been developed and
implemented in a resource-limited setting. Although molecular
approaches to stool parasite pathogens have been described in
other studies using multiplex assays, they are limited often by
upfront technical problems and cost.>’ Multiplex real-time
PCR and this multi-parallel gPCR system were designed to
compliment poorly sensitive microscopy and enable higher
rates of detection, especially when used in epidemio-
logic studies.

Although direct observation of a stool sample in a wet
smear, Kato-Katz slides, and stool concentration methods
have been used for diagnosing diarrheal illness and for eval-
uation of eosinophilia, the sensitivity and specificities of
microscopy depend on the type of organism, its life cycle,
and the pattern of egg or larval shedding. Although qPCR
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FiGure 2. Detection of polyparasitism by quantitative multi-parallel real-time polymerase chain reaction (QPCR) and microscopy in 400
13-month-old children, Ecuador. A, Proportion of stools positive for 0—4 parasites by either microscopy or qPCR. Asterisk indicates statistical
significance (P < 0.05) difference in detection between microscopy and qPCR. B, Improved detection of the three most prevalent infections showing
the distribution (in a Venn diagram) of these parasites based on microscopy or PCR. Asterisk indicates a statistically significant (P < 0.05) difference

in detection between microscopy and PCR.

also relies on these factors, the ability to detect attograms of
parasitic DNA overcomes many of these potential obstacles
because of higher sensitivity. In the present study, we compared
our qPCR to direct smear microscopy primarily to normalize
the conditions between the two tests (Table 2). Although the
Kato-Katz/fecal concentration method generally has a higher
sensitivity than direct microscopy, and for A. lumbricoides and
T. trichiura is semi-quantitative, it is more time-consuming and
relies on collection of multiple stool samples to maximize sensi-
tivity. Antigen detection assays with improved parasite detec-
tion ability are available (e.g., for G. lamblia and E. histolytica),
but these assays are costly and not readily available in resource-
limited areas.”"?

Another finding was the higher levels of parasitic
co-infections detected by using qPCR than by direct microscopy
in this study. Polyparasitism is an important factor in the decision
for implementing mass drug administration and for selecting
appropriate anti-parasitic drugs.'* Although polyparasitism is
common among adults and adolescents in many parasite-

endemic areas, using a highly sensitive qPCR, even with samples
from 13-month-old children, we found an 8.5% prevalence of
co-infection with two or more parasites. The implications are
significant in that community-based mass drug administrations
are often directed at soil-transmitted helminths, but not for
other parasites such as G. lamblia, C. parvum/C. hominis, and
E. histolytica.”> Moreover, identifying polyparasitized persons
may provide insights into the pathologic consequences of the
interaction between phylogenetically distinct parasites sharing
the same anatomic niche.

A relatively low prevalence of A. duodenale and S. stercoralis
was found by using qPCR that would have been missed if
microscopy alone was used (Table 2). The median concen-
trations of DNA from these organisms were found to range
from 0.089 to 37.5 fg/uL (Table 2). Because no eggs/larvae
were seen by microscopy, we cannot say with any certainty
that our failure to detect infection by microscopy was caused
by low infection levels. A reasonable alternative and biolog-
ically plausible explanation is that qPCR can detect DNA
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FiGure 3. Prevalence of Ascaris lunbricoides and Giardia lamblia
before (pre) and 21 days after (post) albendazole/ivermectin treat-
ment in 125 children 8-14 years of age, Ecuador. A. lumbricoides
DNA decreased to undetectable levels post-treatment with the
exception of two samples. A total of 35.1% of children remained
positive for G. lamblia after empiric treatment.

from any lifecycle stage (e.g., larvae for hookworm), whereas
microscopy typically is optimized for a single stage.

The major limitation of the present study was the absence
of an internal control to assess potential inhibition of the
DNA extraction method or the qPCR. Although an internal
control is important for detecting inhibition and thereby false-
negative samples, it was not available at the time the study was
conducted. For the present study, PCR inhibition (although
always a possibility) appeared to be of little consequence given
the general increase in detection seen by the qPCR method.
Furthermore, our methods of DNA extraction were chosen to
prevent such inhibition.'®'” In a separate experiment, stools
were processed with and without polyvinylpyrrolidone. No dif-
ferences in DNA detection for A. lumbricoides were observed
between the two groups. Future projects will include the use of
limiting concentrations of a control plasmid in all reactions.'®

The benefits of qPCR are the increased detection rates and
significantly increased specificity. For example, the increased
specificity of qPCR enabled us to distinguish between the two
species of hookworm. Although treatment is the same for
infection with either species, understanding the predominant
species will help understand transmission sources and enable
better characterization of the clinical differences between the
two genera.'® Another important feature of the higher speci-
ficity of molecular diagnostics is the ability to distinguish
between the non-pathogenic E. dispar and the human patho-
gen E. histolytica, a parasite that causes 100,000 deaths per
year.?? Our assay could distinguish between the pathogenic

and non-pathogenic Entamoebae, enabling pathogen-directed
treatment. Our ability to identify Cryptosporidium without
relying on another diagnostic approach (such as using the
modified acid-fast or enzyme-linked immunosorbent assay) is
also useful.?! Because our qPCR is genus specific, we could
detect C. parvum and C. hominis. Although cryptosporidiosis
is generally a self-limiting illness, it can cause severe illness
and high mortality rates in immunocompromised patients.”>
Because of these reasons, qPCR can replace a large range of
species-specific microscopic methods.

Our assay was also useful in monitoring post-treatment
efficacy for infection with A. lumbricoides and G. lamblia.
Surprisingly for A. lumbricoides, two persons who were parasite
negative before therapy showed parasite-positive results when
tested by qPCR, suggesting that they acquired A. lumbricoides
infection during the study period.

Results for G. lamblia were mixed; approximately 65% of
the children had G. lamblia DNA in stool. This finding was
expected because the infection in more than 50% of the
patients with giardiasis will self-resolve, and five days of treat-
ment with albendazole has been shown to be as effective as
treatment with metronidazole.>>** In the present study,
patients received albendazole for three days, a dosing sched-
ule that might eliminate G. lamblia in some situations. The
ability to screen a large number of persons at one time and
perform follow-up after treatment would be useful in the
context of a public health setting.

To decrease the per-reaction cost, we were also able to show
we could reduce the reagent costs by 67 %, by merely lowering
the volume of the reagent mixture, without compromising
detection limits. In addition, we identified a method of DNA
extraction that then enabled detection of 7. trichiura DNA in
stool. This relatively simple method overcomes the difficulty
that has heretofore affected stool-based molecular diagnostics
for helminths.?® Not taking into account the cost of the instru-
ment needed to perform the qPCR, we have decreased the cost
of analyzing all eight parasites in a patient’s stool for less than
$1.00 U.S. dollar per sample compared with recent published
cost of $2.60 for microscopy.?> Although stool samples were
stored in either —40°C or —80°C freezers, this step was neces-
sary because the stool had been collected and stored for other
analyses. For qPCR, the samples could be assayed immediately
after collection, stored at room temperature in 70% ethanol, or
stored in a 4°C refrigerator for extended periods. In the case of
storage at 4°C, parasite cysts and ova may be stable for
prolonged periods, thus avoiding the expense of a deep-freezer.

Although multiplex PCR has made great strides in advanc-
ing the diagnosis of gastrointestinal parasites,”*?> we provide
an alternative method that requires less sophisticated instru-
mentation. More importantly, this system was the most cost-
effective method of transferring this technology to a relatively
resource-limited area. This finding will enable more wide-
spread use.

With more than two billion gastrointestinal parasite infec-
tions worldwide and an increasing body of evidence that
long-term infections lead to decrease cognitive abilities, devel-
opmental delays, and stunted growth rates, we present a high
throughput system that has been field tested in a resource-
limited area.”® This method provides a sensitive and specific
approach to gastrointestinal parasitism and polyparasitism,
with broad implications for community based therapies and
methods for assessing efficacy of treatment.
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